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PREFACE
This thesis subject was suggested by Dr. J, B, Friauf
of the Navy Department, Bureau of Ships. It was desired
to determine the practicability of a motor designed with
a sealed stator and an open free flooding rotor for use
under water; and also to develop the theory of this
"canned stator" motor.
An ordinary wound rotor induction motor was used with
the rotor shorted to obtain the characteristics of a squirrel
cage motor. It was originally thought that the rotor would
have to be turned down in order to permit insertion of the
metal cylinder into the air gap. However, air gap clearances
were sufficient to permit insertion of the cylinder without
modifying the motor.
It is wished to acknowledge the assistance given by
Dr. Friauf of the Bureau of Ships and by Professor C. V. 0.
Terwilliger of the Postgraduate School in conducting this
investigation.
This work was performed between August 1950 and May
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The "canned stator" induction motor would consist of
a squirrel cage induction motor with the stator completely
inclosed by a thin metal sheet, but with the rotor unin-
closed. Part of the stator seal would lie in the air gap
in the form of a metal cylinder fixed to the stator, and
completely shielding the rotor from the stator. The pur-
pose of this arrangement is to make the motor suitable for
use under water.
The object of this study is to determine the effect
of such a metal cylinder in the air gap on the performance
of the machine, and also to compare the effect of varying
the type of metal used. The operating characteristics of
the motor are considered to be affected only by that portion
of the stator seal which lies within the air gap; inasmuch
as all but a negligible amount of working flux cutting the
rotor passes through the air gap. Consequently, it was
unnecessary as well as impracticable to completely enclose
the stator in order to accomplish the investigation. In-
stead, a thin metal cylinder was placed in the air gap and
firmly fixed against the stator. A slight overhang of
approximately three fourths of an inch was allowed at each
end of the cylinder. Experimental data was obtained from
this arrangement.
The ultimate design of the motor under study would
consist of a hermetically sealed stator with suitable water
(1)

tight and pressure proof bushings for electrical connections,
and an unenclosed, free flooding rotor connected to the
loado Such a motor would be used to drive certain machinery
aboard ship of a vital nature, and in such location that it
might be flooded in the event of collision or battle damage.
As a submersible motor its advantages are: (a) no difficulty
exists in providing adequate water tight seals around a
rotating shaft, since only the stationary part of the motor
is enclosed; (b) cooling problems would be less in non-
submerged operation compared to a fully enclosed submersible
motor. On the other hand, disadvantages of the enclosed
stator motor would include (a) increased cost and difficulty





LOSSES IN THE METAL CYLINDER
The effect of the jnetal cylinder in the air gap is to
cause losses in addition to the normal losses of the un-
modified induction motor. Practically all of the stator
field flux crossing the air gap and cutting the rotor con-
ductors will also cut the cylinder; especially since the
cylinder extends beyond the ends of the rotor. As the
stator field flux revolves at synchronous speed it will
induce voltages in the cylinder which in turn will cause
eddy currents to flow.
To determine the approximate distribution of these eddy
currents, the cylinder may be thought of as a blocked
squirrel cage rotor. The rotor bars consist of a large
number of small axial strips an infinitesimal distance
apart, shorted by end rings. The overhanging ends of the
cylinder are considered the end rings. The space distri-
bution of the stator flux is generally sinusoidal. The
Instantaneous voltages introduced in the axial strips are
directly proportional to the flux density at the respective
strip at any one instant. Since the flux is sinusoidal in
distribution, the space envelope of the instantaneous voltages
is also a sine wave. These voltages and flux waves are
shown in Figure 1,
These eddy currents existing in the metal cylinder
constitute additional losses in the induction motor over
and above the losses existing in an ordinary machine. The
(3)





losses in the latter are friction and windage, primary and
secondary core loss, primary and secondary copper loss,
and stray load loss* Since the cylinder is essentially
a fixed part of the stator, subject to the same frequency
as the stator, the cylinder losses are of the same nature
as that component of primary core loss caused by eddy
currents alone. There are no hysteresis losses in the cyl-
inder since the metals used were non-magnetic, or nearly so.
In analyzing the losses due to these voltages and
the eddy currents resulting, assume a sinusoidal space
distribution of flux moving at synchronous speed around
the stator. The voltage induced in any one bar, or axial
strip, is:
E, -- ^Iv ^ /O' (1)
where B - ^ S^
] the active length of the strip
V the peripheral speed of the stator field
The current in the strip causing power loss is /^ //J , and
the power loss due to these eddy currents is f^ //^ where
^ is the resistance of the individual strip. To find
the power loss in terms of cylinder constants:
A/s the number of strips in the cylinder (arbitrary)
C the circumferential length of the cylinder
t the thickness of the cylinder




^ " ^^ " ^ tQ^. (2)
The power loss per strip, f^ is
P ^ ^ ^ llSI (3)
n piNs
The total power loss for the cylinder, f^ is
/? - /V,/? - ^1^ (4)
Substituting from (l)
Pi p
From this it appears that insofar as the cylinder is con-
cerned, the additional losses will vary inversely as the
resistivity of the cylinder and directly as the thickness.
Actually, the approximations involved in attempting to
analyze the losses render Equation (5) of qualitative value
mainly. No design data was available for the motor to
determine the field flux quantitatively. Also the distri-
bution of eddy currents is not predictable, since the axial
strips are not separated, and the eddy currents undoubtedly
circulate more at random in the motor than indicated by
Figure 1. A comparison of actual measured cylinder losses




EXPERIMENTAL PROCEDURE AND RESULTS
1. Description of Test Arrangement
As previously noted, the investigation was concerned
only with the effect of the metal cylinder in the air gap
on the performance of the motor. The motor used was a 5
kva, 220 volt, three phase wound rotor induction motor.
Since only a squirrel cage motor could be used in actual
operation, the rotor was shorted in all the tests in order
to obtain squirrel cage characteristics. Running light
tests and blocked rotor tests were run for each of four
conditions as follows:
a. Motor unmodified
b. Non-magnetic steel cylinder inserted in the air gap
c. Brass cylinder inserted in the air gap
d. Copper cylinder inserted in the air gap
The bearings were adjusted to give a uniform air gap
dimension of ,0225 inches. In order to insert each cylinder,
the rotor was removed. The cylinder was then fitted firmly
into position around the inside of the stator, and the motor









The metal cylinder took up almost one half of the
available air gap, and careful reassembly of the motor was
necessary in order to prevent any rubbing. This was
accomplished satisfactorily, Figure 2 shows a sketch of
the modified motor with the cylinder in place,
2, The Equivalent Circuit
It was decided to use the equivalent circuit and the
circle diagram as the basis for comparison of the unmodified
motor and the motor with various types of cylinders in the
air gap. The L^r losses existing in the metal cylinder are
of the same nature as eddy current losses in the stator, and
they are treated as additional core losses in the determin-
ation of the parameters of the equivalent circuit, and in
obtaining the circle diagram.
The equivalent circuit for the induction motor is shown
in Figure 3 (a) for the rotor at standstill. The motor is
then a transformer with the secondary shorted, and f, is
equal to /^ . When the secondary rotates, the secondary
frequency changes to 3 ^2 , and the voltage generated per
turn is no longer the same for the two coils. Figure 3 (b)
shows this condition. To further simplify the circuit:








Figure 5 " Etfi/iva/eni Circuits an(/ Vector Diagram

Therefore





^ ^ R, -h f/-s) R^ (5)
The expression ^^ ~^' R^ now represents the electrical
equivalent of the load. Furthermore, if the values in the
secondary are converted to equivalent primary values in ac-
cordance with the turns ratio, the equivalent circuit dia-
gram becomes that of Figure 3 (c). The vector diagram is
shown in Figure 3 (d).
If the circuit parameters are known, all equations
expressing the currents and voltages in terms of these
parameters and the impressed voltage may be derived from
Figure 3 (c)
.
3. Tests on the Unmodified Motor.
To determine the motor constants and the circle
diagram, standard running light tests and blocked rotor
tests were made. Stator and rotor resistances were measured




V/e will discuss the results obtained for the unmodified
motor first, and then compare with the motor performance
with metal cylinders installed. In the running light test
readings were taken of impressed voltage, primary current,
primary power input, and speed. These data are shown in
Appendix 2. No readings were used for more than 8 per cent
slip. The data was plotted as shown in Figure 4. By ex-
trapolating the power curve to the point of zero voltage,
where flux density and hence core loss are zero, we can
determine the friction and windage loss. This loss is
shown by the horizontal straight line, and is nearly con-
stant, since the speed was nearly constant. The It^. loss
is also plotted as shown, and the net loss after subtracting
these two losses is the primary core loss. The secondary
core loss and copper loss are negligible, since both the
slip and the load are quite small. The equivalent circuit
diagram for the running light test is shovm in Figure 5 (a).
An approximation has been made, in that the voltage drop of
the exciting current through the primary impedance is ne-
glected, i.e. the exciting path has been moved to the impressed
voltage side of the primary impedance. The error is rela-
tively small, and is acceptable for the purpose of simpli-
fying calculations. The vector diagram for this circuit is
shown in Figure 5 (b). If the sum of the friction and
windage losses and the secondary core losses are assumed
approximately constant over the operating range of the motor,
then the component of secondary current corresponding to these




































fgu/ua/ent Orcu/t Blocked Rotor Tesi
Figure S,

5 (b) is then reduced to Figure 5 (c).
The following results may then be obtained on a per
phase basis:
I - ]77? (7)
z. - yi7~^: (8)
4 = AZZ" (10)
V
Numerical values for the above for each test condition of
the motor are tabulated in Appendix 5 for comparison.
The blocked rotor test is usually made at reduced
voltage l^ ; therefore, the blocked rotor current It is
relatively small, and the saturation of the iron in the
paths of the leakage flux is not noticeable. If the
locked current is then determined for rated voltage, V, by
multiplying /^ by the ratio V/Vt the value resulting is
smaller than the actual blocked rotor current at full
voltage. Due to saturation of the leakage paths at high
currents, the locked current is appreciably higjier than
it would be without saturation; i.e., the equivalent
(15)

leakage reactance is not constant, bat decreases as
saturation becomes appreciable.
The influence of saturation in the leakage paths
occurs only at high current and high slip. Since there
is no saturation at normal currents, we use the non-
saturated leakage reactance to determine the performance
of the motor at small slip. If this limitation is kept
in mind, the equivalent circuit and circle diagram provide
an adequate basis of comparison between the unmodified
motor and the "canned stator" motor over the normal opera-
ting range of the motor. This is confined to about the
first third of the circle nearest the running light point.
The results of the blocked rotor test are shown in
Figure 6. The voltage drop is due almost entirely to the
short circuit currents flowing through their respective
impedances. The core loss is very small because of the
greatly reduced flux, and can be neglected. The equivalent
circuit is shewn in Figure 5 (d); and the power readings are
attributed entirely to the I^R losses in the primary and
secondary.
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The measured values of the primary resistance R, and
the secondary resistance Rz corrected for temperature
added together should be equal to R^ . ^z must be con-
verted to the equivalent primary resistance, of course.
Xa ^ /z: - r: (13)
It is assumed that
K^ y. ^ Xo /^
Numerical values for the above are also tabulated in
Appendix 5.
The approximate circle diagram is developed as fol-
lows. The equivalent circuit is shown in Figure 5 (a).




^^"^ ^'' ^ y(R,^ /?, ^ ry ^ rx.^Ky ^^^^
£2^ lags / by an angle Q^^ such that
Therefore









This is the polar equation of a circle, assuming X and
/Vj. to be constant. Also, the primary current is
I ^ is ^ L (17)
where i^ is the no load current.
The combined circle diagram for the unmodified motor
is shown in Figure 7. It is constructed for the data ob-
tained in the no load and blocked rotor tests. Computations
and results are shown in Appendix 6,
4. Tests on the Motor with Steel Cylinder in Air Gap
The motor with the non-magnetic steel cylinder installed
was given the same tests as described in Section 3. The no
load tests show appreciably higher core losses than for the
unmodified motor. These results are shown in Figure 8. The
unmodified motor had core losses of 125 watts at rated vol-
tage. The core losses with the steel cylinder were 500 watts.
The running light current was only slightly higher for the
steel cylinder modification. This increase in running light
current was due to the increased power loss component, and
the magnetizing current remained practically unchanged. The
friction and windage losses were also unchanged.
Determination of the equivalent circuit parameters,
and the approximate circle diagram proceeded as in Section 3.
The computations are shown in Appendix 5. One modification
was made, however. In the blocked rotor test the core losses




























w91 I11 1ae PM BB S !w ^Hg li 1 1 ijk jS
1































However, power readings for this test with the cylinder
inserted are higher than for the unmodified motor. This
additional loss is due to the cylinder, since R, and /^t
are unchanged. This additional loss is plotted in Figure
13. The correct value for the test voltage is obtained
from Figure 13, and subtracted from the blocked rotor power
reading to yield the actual copper loss. The results of the
blocked rotor test are shown in Figure 9, and the circle
diagram in Figure 10,
5. Tests on the Motor with Brass Cylinder in Air Gap
With the brass cylinder installed, similar tests were
run as described previously. The core losses increased
sharply over those of the steel cylinder. They amounted
to 1170 watts at rated voltage. This is shown in Figure
11. A comparison of the core losses versus impressed volt-
age for the three conditions of the motor is shown in Figure
12, The losses increase with the conductivity of the
cylinder as expected, but are not directly proportional.
The measured resistivity of the steel was 465 ohms/ circular
mil foot, compared to 44.05 ohms/circular mil foot for the
brass. Although the conductance of the brass is more than
ten times that of the steel, the losses are only a little
more than double.
The no load current also increased very sharply. It
measured 13 amperes, equivalent to the rated load current
of the unmodified machine. The increase was caused mainly



















component of the no load current. For the unmodified motor,
and the motor with the steel cylinder, 1)^ was 7.54 amperes.
With the brass can installed, /*, increased to 12.3 amperes.
Apparently, with the introduction of low resistance material
in the can, the eddy currents are no longer quite analogous
to core losses. Instead, the can acts like a permanently
installed blocked rotor. This effect acts to decrease the
main flux, and requires a great deal more exciting current.
It would also account for the fact that additional eddy
current losses in the can are lov;er than expected; for




The standard circle diagram analysis may not be of
much value for the motor with a low resistance cylinder.
However, computations were made on the basis of test results,
and are shown in Appendix 5, The blocked rotor test results
are shown in Figure 13 and the circle diagram in Figure 14«
The analysis of this type motor is not essential to the
purpose of the investigation, because the motor has ex-
tremely high additional losses, and draws almost full rated
current at no load. For these reasons it is unsuitable for
the use desired,
6. Tests on the Motor with Copper Cylinder in Air Gap
The final tests were made with a copper cylinder
installed in the air gap. The measured resistivity of the
copper was 11.15 ohms/circular mil foot, V/e would expect
that motor operation in this case would result in pro-
























volts were impressed on the motor for a no load test, the
current read approximately 50 amperes, or 300 per cent
over normal load current. No current and power data were
taken under these conditions, particularly since the m.otor
windings began to smoke almost immediately. It was also
impossible to make a satisfactory test at lower voltages,
because the motor refused to turn at more than 140 rpm,
even with 200 per cent full load current in the primary.
Consequently, no analysis has been attempted for this
motor. From a practical standpoint, the motor with copper
cylinder installed is virtually useless, as it draws prohib-






From the circle diagrams. Figures 1, 10, and 14,
comparative curves for efficiency, power factor, speed,
and primary current versus torque were plotted. These
curves are shown in Figures 15 and 16, The curves were
not extended to the point of starting torque for reasons
previously discussed. These curves indicate that the
motor with the steel cylinder has slightly inferior per-
formance to the unmodified motor, and the performance with
the brass cylinder installed is inferior to both. The
characteristics of the enclosed stator motor can be made
to approach those of the unmodified motor by increasing
the resistance of the cylinder by:
1. Decreasing the thickness of the cylinder
2, Increasing the resistivity of the cylinder
The first method has limited application. The cylinders
used were almost a minimum in thickness for adequate
strength and suitability for ordinary manufacturing pro-
cesses. The second method offers more possibilities, A
metal with a higher resistivity than the steel used will
give better results. A non metallic material, such as a
plastic would probably give optimum performance, but its
use would have to be weighed against other disadvantages
such as less strength or fabrication difficulties.
It must be remembered that the machine used for study








consequently its performance is certainly not the maximum
that could be expected from a motor specifically designed
for this purpose. The author believes that the results
show that a sealed stator motor is practicable and could
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